. Consistently, the FFT spectrum of graphene shown in Figure 6b of the main manuscript also extends up to ~1 THz. We conclude, that the FFT spectrum of the graphene at 77 K is limited by the bandwidth of our detection scheme.
Further control experiments. We rule out a non-uniform excitation scenario to cause the fast oscillatory signal of I sampling in the centre of the graphene by the following two sets of independent control experiments.
First, we do not detect such an oscillatory signal neither for LT-GaAs nor for freely suspended carbon nanotubes (CNTs). 38, 39 All measurements, including the ones on graphene, are performed on the same LT-GaAs heterostructure as a substrate and in the case of CNTs, even within the same stripline geometry including a similar trench depth of ~ 12 µm between the striplines. All mentioned experiments are performed in the very same optoelectronic setup, ensuring similar/equal experimental conditions such as laser spot sizes etc.
Second, we experimentally exclude a non-uniform excitation scenario, namely that I sampling possibly originates from charge-carriers excited both in the graphene and in the GaAs at the bottom of the trench (with different relaxation and charge carrier expansion dynamics). In the Supplementary Figure S2 , we present a corresponding control experiment of I sampling for a sample with an etched trench but without graphene. Again, the trench has a depth of ~12 µm.
In such a stripline circuit, the photoexcitation can give rise to charge-carriers in the GaAs with a lifetime definitely longer than the one in LT-GaAs. Hence, one does not expect a fast timeintegrated signal for experimental conditions as reported in the manuscript. Supplementary 6 Figure S2a shows the spatially resolved reflectivity of the stripline circuit with an etched trench. We perform this measurement by scanning a stepper motor, which is mounted to a scanning mirror directly in front of the microscope objective. We determine the relative image scale of the scanning mirror with respect to the displacement of the laser spot on the sample by the distance of the centre positions of the two Gaussian functions and the known distance of the two metal strips. In Supplementary Figure S2b we show the time-resolved I sampling for scanning mirror position 0 µm to 90 µm in steps of 10 µm (traces from bottom to top, P laser = 800 µW, T bath = 296 K). For all excitation positions, we do not detect a signal in I sampling at such laser power and focusing conditions in agreement with our expectations. Supplementary Figure S2c shows I sampling for excitation in the middle of the stripline (scanning mirror position 60 µm) for a laser power up to 13 mW. Again, we do not detect a time-resolved signal. Most importantly, to prove that the field probe is sensitive to time-resolved signals, we then perform a laser annealing step by increasing the laser power to ~160 mW for several minutes (p = 10 -6 mbar, T bath = 296 K). In a simplified picture, the annealing gives rise to defect states in the GaAs which change the relaxation dynamics of the photogenerated charge carriers.
Supplementary Figure S2d shows I sampling before and directly after this annealing step without performing any changes to the measurement setup in between (i.e. the same position of the probe laser spot at the field probe). After the annealing step, we observe a slowly varying signal in I sampling (for laser powers which are slightly larger than the ones used during the experiments on graphene). Specifically, we do not detect an oscillatory signal. In the course of the experiments on the graphene, we have never applied a laser power as high as is necessary for an annealing of the GaAs. The results presented in Supplementary Figure S2 thereby prove that the time-resolved I sampling discussed in the main part of the manuscript solely originates from the suspended graphene and not from the trench or a combination of both.
Therefore, we conclude that the oscillatory signal intrinsically stems from the freely suspended graphene.
